A decreased level of brain 5-hydroxytryptamine (5-HT) has been theorized to be a core pathogenic factor in depression for half a century. The theory arose from clinical observations that drugs enhancing extracellular levels of 5-HT (5-HT Ext ) have antidepressant effects in many patients. However, whether such drugs indeed correct a primary deficit remains unresolved. Still, a number of anomalies in putative biomarkers of central 5-HT function have been repeatedly reported in depression patients over the past 40 years, collectively indicating that 5-HT deficiency could be present in depression, particularly in severely ill and/or suicidal patients. This body of literature on putative 5-HT biomarker anomalies and depression has recently been corroborated by data demonstrating that such anomalies indeed occur consequent to severely reduced 5-HT Ext levels in a mouse model of naturalistic 5-HT deficiency, the tryptophan hydroxylase 2 His 439 knockin (Tph2KI) mouse. In this review, we will critically assess the evidence for 5-HT deficiency in depression and the possible role of polymorphisms in the Tph2 gene as a causal factor in 5-HT deficiency, the latter investigated from a clinical as well as preclinical angle.
ORIGIN OF THE 5-HT DEFICIENCY THEORY OF DEPRESSION
The 5-hydroxytryptamine (5-HT) deficiency theory of depression originated from serendipitous clinical observations in the 1950s and was bolstered by subsequent clinical and basic science observations [1] . Iproniazid, a drug otherwise developed against tuberculosis, unexpectedly displayed antidepressant activity in tuberculosis patients also suffering from depression. Iproniazid was subsequently demonstrated to inhibit monoamine oxidase (MAO) A and B, the enzymes metabolizing 5-HT and the other monoamines, and to increase brain 5-HT levels. Imipramine, the prototypical tricyclic antidepressant (TCA), was originally being developed against schizophrenia. Imipramine failed as an antipsychotic, but serendipitously alleviated depression symptoms in schizophrenic patients with co-morbid depression and was subsequently successfully developed as an antidepressant. In the 1960s, imipramine and other TCAs were shown to block reuptake of 5-HT as well as noradrenaline [1] . Initially noradrenaline was believed to chiefly mediate the antidepressant effects of TCAs and MAOIs. From these notions arose the noradrenaline deficiency theory of depression [2] . Around the same time, reports were published indicating that the 5-HT precursor 5-hydroxytryptophan (5-HTP) had antidepressant effects [3] in humans and increased brain 5-HT levels in animals [4] . Furthermore, the TCA clomipramine showed equal antidepressant efficacy to other TCAs but inhibited 5-HT uptake with more than 100-fold higher affinity than the inhibition of noradrenaline uptake [5] . Such pharmacological observations in conjunction with the pathology findings mentioned below gave rise to a broader monoamine theory of depression [6] and eventually a related 5-HT deficiency theory of depression [7, 8] . The observation that increasing 5-HT release confers antidepressant activity has been corroborated repeatedly, although the efficacy of, for instance, selective serotonin reuptake inhibitors (SSRIs) versus placebo may only be robust in moderately to severely depressed patients [9-11].
DEPRESSION: A HETEROGENEOUS DISEASE WITH DIVERSE PATHOGENESIS?
That pharmacological enhancement of 5-HT function alleviates depression does not necessarily mean that depression is caused by a primary 5-HT deficit. Frequently in the lay media and scientific literature, it is assumed that 5-HT deficiency is a (or even the) cause of depression. This assumption, whatever its heuristic attractiveness, may still be premature or at least an overgeneralization. The clinical presentation of depression is exceptionally heterogeneous [12] and the relatively new (1980) and broad term major depression encompasses several syndromes previously defined as separate, though related, disease entities, such as endogenous versus melancholic depression [13] . With such diverse manifestations and wide definitions for diagnosis, depression as a syndrome could represent several overlapping afflictions arising from distinct aetiologies. Indeed, depression symptomatology can arise secondarily to for instance diverse neurological (e.g. Alzheimer's [14] , Parkinson's [15] and Creutzfeldt-Jakob's disease [16] ), immunological (e.g. interferon treatment [17] ) and endocrine (e.g. Cushings's disease [18] ) anomalies. Life stressors, such as personal loss, social isolation, financial difficulties, job insecurity and childhood trauma [19] [20] [21] , are well-established and important disposing factors for depression, clearly demonstrating the significance of environmental context. Concurrently, twin and adoption studies indicate an important genetic component in depression [22] . However, perhaps not surprisingly, disease-associations with specific genes, whether probed via genome-wide association studies or informed, targeted approaches, are at most moderate and not always reproducible across reports and populations [22] [23] [24] .
EVIDENCE FOR 5-HT DEFICIENCY IN DEPRESSION
In addition to the therapeutic action of augmenting 5-HT function-or more specifically, increasing extracellular 5-HT (5-HT Ext ), the 5-HT pool acting at the 5-HT receptors-there are several lines of evidence pointing towards the presence of a 5-HT deficit in at least some populations of depressed patients. In many studies, acute tryptophan depletion induces the recurrence of mild-depression symptoms in patients who have recovered following treatment with serotonergic antidepressants [25] [26] [27] , presumably by lowering brain 5-HT Ext . Conceptually, tryptophan depletion appears to be a somewhat non-selective tool to probe the 5-HT deficiency hypothesis. Tryptophan is an essential amino acid, and the depletion could affect general protein synthesis. Further, less than 1 per cent of dietary tryptophan is converted to 5-HT [28] , whereas 95 per cent is metabolized via the indoleamine 2,3-dioxygenase pathway giving rise to the neuroactive substances quinolinic and kynurenic acid that affect cholinergic and glutamatergic receptors, respectively [29] . Tryptophan depletion could conceivably affect the brain and mood by starving metabolism via this latter pathway, e.g. impairing quinolinic and kynurenic acid synthesis and neurobiological function [30] . Still, up to 50 per cent of patients treated with interferon-a develop depression symptoms and correlational evidence indicates that induction of indoleamine 2,3-dioxygenase by interferon-a and consequent depletion of tryptophan and hence presumably decreased 5-HT synthesis, is involved herein [31, 32] . Chronic pharmacological depletion of 5-HT with the vesicular monoamine transporter inhibitor reserpine has also been reported to precipitate depression symptoms, though only in a subset of patients [33] , a finding that has been taken as support for the 5-HT theory of depression [34] . However, reserpine, at least in high doses, not only depletes storage and extracellular levels of 5-HT, but also those of dopamine and noradrenaline [35] , making it tenuous to ascribe reserpine's depressiogenic effect to one neurotransmitter only. The link between chronic reserpine treatment and depression also remains contentious, with later studies generally reporting smaller and less frequent depressiogenic effects [34] , although differing dosing schedules could be a factor in the varying findings. In addition, one early study in fact reported weak antidepressant rather than pro-depressant effects of chronic reserpine treatment [36] . Thus, it remains to be established whether depression symptoms can indeed be elicited by deficient 5-HT neurotransmission.
Directly measuring brain 5-HT in humans can currently only be performed post-mortem. One early study reported decreased brain-stem levels of 5-HT in suicide victims [37] , which is certainly an intriguing finding. Yet, animal studies show that tissue monoamine levels are not always reliable indicators of extracellular levels [38 -40] . In lieu of tools for direct assessment, the integrity of the brain 5-HT system has been probed over the past four decades using several indirect measures, or biomarkers. Cerebrospinal fluid (CSF) levels of 5-HT's primary metabolite, 5-hydroxyindoleacetic acid (5-HIAA), appear to reflect brain 5-HIAA levels [41] and have been taken as an index of brain 5-HT neurotransmission. While reports of a correlation between low CSF 5-HIAA and major depression per se are inconsistent [42] [43] [44] , the correlation between low CSF 5-HIAA and suicidality, aggression and impulsivity is more robust [43, 45, 46] . These traits tend to co-segregate-for instance in borderline personality disorder, a disease that commonly presents with co-morbid depression [47] -and may share neurobiology [48] .
Acute stimulation of brain 5-HT release triggers systemic secretion of the neurohormone prolactin. The mechanisms involved in this phenomenon are complex and not precisely defined, but appear to involve modulation of hypothalamic GABA, vasoactive intestinal peptide and oxytocin neurotransmission [49] . The size of the plasma prolactin surge following a challenge with the 5-HT releaser fenfluramine has thus been employed as a brain 5-HT biomarker, where a blunted response is assumed to reflect lower brain 5-HT levels [49] . As with low CSF 5-HIAA, many studies report a blunted plasma prolactin response to fenfluramine in depressed patients [50 -57] while some studies do not [58] [59] [60] [61] . Given the heterogeneity of depression, a certain level of non-replication is not surprising. Further, a close reading of the mentioned negative studies reveals that two studies specifically assessed outpatients [59, 61] that presumably are less severely ill, and two studies had substantial methodological problems, such as small number of subjects, minimal prolactin response to fenfluramine and use of non-matched controls [58, 60] . Again as with CSF 5-HIAA, the blunting of the prolactin response to fenfluramine appears more profound in severely depressed subjects and where suicidality, impulsivity and/or aggression is present [51,53,62 -64] . Increased cortical 5-HT 2A receptors (5-HT 2A R), ante- [65] and post-mortem [66] [67] [68] [69] [70] , have also repeatedly been associated with depression or depression-related personality traits [71, 72] . This link between increased frontal 5-HT 2A Rs and suicidality is widely quoted. By contrast, hippocampal 5-HT 1A Rs appear to be decreased in chronic depressed patients, indicating that general upregulation of 5-HT receptors (hypothetically as compensation to lower levels of 5-HT Ext ) does not occur in depression [73] . However, several groups report no association between frontal cortex 5-HT 2A R levels and suicide [74, 75] . These discrepancies could be attributed to the hypothesis that elevated 5-HT 2A R levels more closely correlate with aggression [76] and that both age [76] and antidepressant treatment [77] may alter 5-HT 2A R levels, or, more parsimoniously, that 5-HT 2A R levels do not strongly associate with depression or suicidality.
Another reasonably robust 5-HT system-related finding in depression is a blunted hypothermic response to 5-HT 1A R agonists [64,78 -80] . It is noteworthy that these studies examined either inpatients specifically or cohorts with a large proportion of inpatients, indicative of an association between the blunted 5-HT 1A R agonist hypothermic response and severe depression. Indeed, one study found a blunted hypothermic response only in depression patients with a history of suicidality [64] . The biological anomalies accounting for the blunted 5-HT 1A R agonist hypothermic response in depression are not clear, but are usually ascribed to deficiencies in 5-HT 1A R function rather than brain 5-HT deficiency per se. Admittedly, it is not immediately obvious that a blunted 5-HT 1A R agonist hypothermic response could result from brain 5-HT deficiency. For instance, chronic enhancement of 5-HT Ext actually results in blunted 5-HT 1A R-agonistinduced hypothermia in rodents and humans, likely through somatic 5-HT 1A R autoreceptor desensitization [81, 82] . Further, as is detailed later in the text, the three other 5-HT biomarker anomalies reported in depression-low CSF 5-HIAA, a blunted plasma prolactin response to fenfluramine and increased frontal cortex 5-HT 2A Rs-had not until very recently been demonstrated to result from low endogenous 5-HT production and decreased 5-HT Ext [83] (see later text). The evidence for 5-HT deficiency in depression is summarized in table 1.
In short, the association of 5-HT deficiency, or any other singular biochemical anomaly, with major depression as the all-encompassing syndrome is inconclusive. Given the great heterogeneity of symptomatology and disease severity between patients, compounded by the likely multitudes of aetiologies underlying depression as a syndrome, the difficulty of pinning the disease to a specific biochemical system is not surprising. Yet, when focusing the analysis on severe depression and/or suicidality, the combined constellation of 5-HT biomarker findings does suggest that 5-HT deficiency is associated with these depression subpopulations. While an association alone does not prove causality, it is piquing that SSRIs exactly demonstrate convincing superiority to placebo in severe depression only [9] [10] [11] and that in adult depression patients epidemiological studies find SSRIs to have a modest protective effect against suicide [93] . It is thus tempting to hypothesize that 5-HT deficiency is a significant causal factor in a specific subset of depression patients. This view would be consistent with the general clinical finding in double-blind SSRI antidepressant trials: at best, SSRIs produce a 10-20% greater response rate in patients receiving the drug versus those treated with placebo [94, 95] . In fact, SSRIs fail to show superior antidepressant effect compared with placebo in 40 per cent of clinical trials [9, 11] . A parsimonious explanation for the rather disappointing clinical data could be the simple fact that SSRIs are ineffective in a majority of patients and exhibit only antidepressant effects in individuals for whom 5-HT deficiency is a causal factor. On the other hand, because SSRIs and other 5-HTergic antidepressants depend on endogenous 5-HT to enhance 5-HT Ext , a large deficit in endogenous 5-HT could conceivably undermine the antidepressant response by limiting the ability of SSRIs to enhance 5-HT Ext.
TRYPTOPHAN HYDROXYLASE
The rate-limiting step in 5-HT synthesis is the conversion of tryptophan to 5-HTP, catalysed by tryptophan hydroxylase (Tph) [96, 97] . 5-HTP is subsequently converted to 5-HT by amino acid decarboxylase, the enzyme also converting L-DOPA to dopamine [98] . Tph exists in two isoforms (1 and 2) that show mostly non-overlapping distribution patterns [99] . Tph1 is largely responsible for 5-HT synthesis in the periphery and in the brain is found solely in the pineal gland [99, 100] . Tph2 was only recently discovered [84] and is expressed in the brain exclusively in 5-HTergic neurons in the midbrain [84, 100] . Tph2 is also found in enteric neurons [101] , though gut 5-HT is predominantly synthesized via Tph1 [102] . (Tph1 2/2 mice exhibit greater than 90% depletion of blood and gut 5-HT [84,100,102] while brain 5-HT levels are virtually unchanged [84, 100] .) Further, Tph1 mRNA is undetectable in cultured 5-HTergic neurons [103] . By contrast, Tph2 2/2 mice have normal blood and gut levels of 5-HT [102] , but greater than 95 per cent depletion of forebrain 5-HT [102] . A large body of literature, mostly pre-dating the discovery of Tph2, reported associations of TPH1 (then simply TPH) with affective disorders and particularly suicide [85] [86] [87] . On the face of it, this can seem perplexing because we now know that the Tph isoform investigated, Tph1, does not play any significant role in brain 5-HT synthesis in the adult. However, an elegant study showed that mouse pups born to Tph1 2/2 dams exhibit developmental anomalies in the brain and several other organs, irrespective of whether the pups were Tph1 2/2 or þ/2 , indicating an important role for maternal peripheral, and hence Tph1-derived, 5-HT in brain development [88] . If these results are reproducible, they could provide one rationale for how TPH1 polymorphisms may influence brain development and thereby impact the occurrence of psychiatric disorders.
Tph2: DEPRESSION AND SUICIDALITY
The discovery of Tph2 as the enzyme catalysing brain 5-HT synthesis has spawned a vibrant field of research producing a multitude of reports that draw associations between genetic variants in the Tph2 gene and psychiatric disorders, including depression [104, 105] , bipolar disorder [89] , attention deficit hyperactivity disorder [90] and, not surprisingly, suicidality as an independent dimensionality [91,106 -108] . A comprehensive review of the TPH2-depression association literature is beyond the scope of the present review. For the majority of TPH2 variants found linked to psychiatric disorders the functional implications are still unclear; for instance, when such variants are located in non-coding regions and analysis of the impact on gene transcription or translation is unavailable. We will therefore focus on published data relating depression-associated TPH2 variants with functional outcome measures.
Our group discovered a functional (i.e. protein sequence altering) single-nucleotide polymorphism (SNP) in exon 11 of TPH2 causing an amino acid [84] [85] [86] [87] [88] [89] [90] [91] [92] substitution of Arg 441 to His 441 in a human geriatric sample in North Carolina, USA [104] . The Tph2 His 441 mutant was overrepresented among subjects with a history of depression when compared with subjects without. It is unlikely, though, that the Tph2 His 441 SNP is a general genetic risk factor for depression because this SNP was subsequently reported to be absent from several other geographical and ethnic populations [24, 107, 109] . Rather, these findings indicate that the Tph2 His 441 SNP may be a locally confined founder-mutation. The few other functional human Tph2 SNPs reported also frequently fail to appear consistently across cohorts and populations [110] or have been found within single families only [111] . Nevertheless, as pointed out earlier, it is hardly surprising that no single gene, let alone SNP, is a consistently high-risk factor for depression. Different variants in the TPH2, and/or in other genes coding for proteins involved in 5-HT homeostasis, could all yield a similar outcome: reduced 5-HT Ext and/or aberrant 5-HT neurotransmission. An interesting comparison may be drawn between this notion and the genetics of phenylketonuria (PKU). In this disease, more than 500 distinct mutations in phenylalanine hydroxylase (PAH), another member of the small family of amino acid hydroxylases, may each give rise to varying degrees of reduced PAH activity, inversely corresponding to severity of PKU [112] . Typically, only a small subset of these PAH alleles are responsible for the majority of PKU cases, and the prevalent pathogenic PAH alleles are distinct between distinct geographical locales [112] . Our analysis did not find evidence of altered oligomerization and stability of the Tph2 His 441 enzyme. Two separate reports likewise found that 5-HT synthesis by the Tph2 His 441 enzyme was decreased by greater than 80 per cent using bacterial and immortalized human (HEK 293 cell) expression systems [92, 113] . Coincidently, these findings are analogous to findings in PKU. Amino acid 441 in Tph2 is analogous to amino acid 408 in PAH and the mutation of PAH Arg 408 to Trp 408 causes a severe loss of function of PAH and is the most common pathogenic PAH mutation in PKU in western Europe [112, 114] .
Several other studies have addressed in a variety of ways the functional consequences of depressionrelated TPH2 variants. One study investigating Tph2 polymorphisms in several ethnic cohorts reported an association with anxiety, depression and suicidal behaviour in Finnish whites, US whites and African Americans and a specific TPH2 haplotype designated 212121. While the functionality of haplotype 212121 was not investigated on an enzymatic level, its association with CSF 5-HIAA was investigated in a subcohort of Finnish suicide attempters and non-psychiatric controls. The 212121 haplotype was associated with reduced CSF 5-HIAA, although only within control individuals without a psychiatric diagnosis. While not addressed by the authors directly, it is interesting to note that the data presented indicate that suicide attempters, regardless of haplotype, had lower CSF 5-HIAA when compared with controls who did not carry the 212121 haplotype [107] .
A second study reported an association between a functional TPH2 SNP, leading to a Ser 41 to Tyr 41 substitution, and bipolar disorder in Taiwanese Han Chinese. When expressed in cells, the Tph2 Tyr 41 variant synthesized one-third less 5-HT when compared with the normal Tph2 Ser 41 enzyme [110] . The same study also investigated the potential effects of TPH2 promoter variants on transcription efficacy and found that the 2703G/2473A haplotype associated with bipolar disorder displayed reduced transcription efficiency in an in vitro luciferase assay as well as reduced binding to the transcription factor POU3F2, when compared with the predominant 2703T/2473T haplotype [110] . The latter promoter findings serve as a potential exemplar for how polymorphisms in upstream elements can affect Tph2 function and 5-HT synthesis. Other studies using similar approaches also reported effects on transcription efficiency of upstream SNPs in TPH2 [103, 115] . It would be highly interesting to investigate whether such in vitro effects also translate to alterations in Tph2 protein expression and 5-HT levels, and 5-HT neurotransmission in vivo, particularly because, in contrast to functional Tph2 SNPs that generally are rare, non-coding SNPs appear more common. For instance, the T-703G SNP is detected in most cohorts examined [116] [117] [118] [119] .
A third study investigating the association of several TPH2 SNPs with bipolar disorder detected a rare (1%) functional Tph2 Pro 206 to Ser 206 mutation in both a German and a Russian sample [92] . The Tph2 Ser 206 variant was significantly overrepresented among bipolar patients in the German sample. This also appeared to be the case in the Russian sample; however, the number of subjects in the Russian sample was too small to allow for meaningful statistical analysis. Interestingly, a subsequent familial analysis of the relatives of some Tph2 [111] . In vitro analysis indicated that the Tph2 Trp 303 variant had a complete loss of function, suggesting that the two carriers would have suffered from 5-HT deficiency, although both appear to have been heterozygous carriers. While several other family members who did not carry the Trp 303 SNP also presented with a phenotype within the ADHD spectrum, only the mother-daughter pair met a formal ADHD diagnosis. Although such findings are anecdotal, they do provide an illustration of how a Tph2 loss-of-function may precipitate psychiatric disease in a context of familial disposition to ADHD [113] .
In a fifth study [120] , our group reported on investigations into the functional sequelae of a high-frequency (approx. 20% of US population) intronic TPH2 SNP (rs1386493, or 'A-allele') previously identified in samples of both psychiatric patients and non-psychiatric controls [105, 121] . This SNP located in intron 5 of TPH2 lowers splicing fidelity, thereby leading to the formation of an alternatively spliced transcript, termed Q8N1X9, which can be detected post-mortem in human brain-stem tissue. The Q8N1X9 transcript is translated into a truncated Tph2 protein (Tph2 -TR), lacking part of the catalytic and the entire regulatory domain, which is devoid of catalytic activity. Interestingly, in cell culture, Tph2 -TR acts as a dominant negative repressor when co-expressed with wild type (WT) Tph2, causing reduced 5-HT synthesis. The mechanism of repression is not clear at this point, but it is possible that Tph2 -TR interferes with proper Tph2 tetramer formation. Sequence analysis using the STAR*D cohort [122] revealed that the A-allele was not overrepresented in depressed patients versus controls (n . 1000). This finding was confirmed in another sample of 99 probands from the NIMH Depression Pedigree [123] . Hence, the A-allele may not by itself be a genetic risk factor for depression. However, it is possible that in conjunction with other genetic variants affecting 5-HT homeostasis, the A-allele could impact susceptibility to the development of psychiatric disorders.
In summary, the evidence for associations of functional coding and non-coding polymorphisms in TPH2 with depression and other psychiatric diseases is growing. A picture is emerging that Tph2 variants collectively are common correlates of depression but that no singular variant is a major determinant in the disease. Intriguingly, distinct Tph2 variants appear to be important in distinct populations and several of these variants have been independently shown to cause loss-of-function of the Tph2 enzyme. It seems quite reasonable that a multitude of different mutations in TPH2 as well as mutations in genes for other proteins important for 5-HT homeostasis, e.g. the r1 protein, a repressor for MAO A [124] , may converge on the same functional endpoint: reduced 5-HT synthesis and consequent brain 5-HT deficiency. In turn, there exists a multipronged body of evidence in support for 5-HT deficiency as an important vulnerability factor in depression [83, 125, 126] . Thus, TPH2 gene variants leading to impaired Tph2 function could, alone or in conjunction with other genetic vulnerability factors, predispose to depression precipitated by for instance life stressors [19, 20] . Finally, future studies simultaneously assessing multiple SNPs in 5-HT system genes in depression patients and healthy controls coupled with functional evaluation of disease-associated SNPs could provide a clearer picture of the degree to which 5-HT deficiency associates with depression.
CONSEQUENCES OF NATURALLY OCCURRING MURINE Tph2 FUNCTIONAL VARIANTS FOR THE 5-HT SYSTEM
That 5-HT deficiency necessarily follows decreased Tph2 function per se in all cases may not be a given. While the effective absence of brain 5-HT in Tph2 2/2 mice demonstrates that Tph2 is indeed responsible for brain 5-HT synthesis [102] , there is a clear conceptual distinction between complete and partial loss of function. For instance, Tph2 þ/2 mice have normal brain tissue levels of 5-HT and 5-HIAA [127] . Further, the 5-HT system contains several feedback systems: most notably somatic 5-HT 1A and terminal 5-HT 1B autoreceptors that provide homeostatic regulation of 5-HT Ext [128] . Through these and additional mechanisms normal 5-HT release and 5-HT Ext levels, and thereby 5-HT neurotransmission, could be preserved despite reduced Tph2-mediated 5-HT synthesis. Because brain 5-HT function cannot directly be assessed in humans, animal models are indispensible for critically evaluating the functional consequences of hypomorphic Tph2 variants on 5-HT neurotransmission.
NATURALLY OCCURRING MURINE Tph2 FUNCTIONAL POLYMORPHISMS
As a potentially interesting parallel to human TPH2 polymorphisms present in specific individuals and seemingly in distinct geographical populations, our group discovered that different commonly used laboratory mouse strains carry different coding variants of tph2 [129] . Mouse strains examined carrying the Pro 447 coding variant, i.e. C57Bl/6 and 129X1/SvJ mice, displayed two-to threefold faster 5-HT synthesis, as measured by 5-HTP accumulation during amino acid decarboxylase inhibition, and twofold higher brain 5-HT tissue levels when compared with strains carrying the Arg 447 variant, i.e. DBA/2 and Balb/Cj mice. Another group subsequently independently confirmed these findings on inter-strain differences in 5-HT synthesis and tissue levels [130] . This group further demonstrated that the DBA/2 and Balb/Cj strains carrying the catalytically less active Tph2 Arg 447 variant were insensitive to the SSRI citalopram in the forced swim test, a mouse model used to assess the antidepressant potential of compounds, which is generally responsive to pro-5-HTergics [131] . In contrast, the C57Bl/6 and 129X1/SvJ strains carrying the catalytically more active Tph2 Pro 447 variant did display antidepressant-like responses to citalopram in the forced swim test [130] . Moreover, likely underlying the behavioural findings, microdialysis studies showed that C57Bl/6 mice had higher baseline 5-HT Ext and a numerically more pronounced 5-HT Ext response to acute citalopram when compared with DBA/2 and Balb/Cj mice [132] . However, while strain comparison data are informative and can be used to model aspects of genetic variability, a caveat inherent in this approach is the difficulty of attributing phenotypic differences to one gene, given the obvious multiple genetic differences between strains.
Other factors further complicate the interpretation of strain comparison data. One study did not find the Tph2 Pro 447 variant to be a determinant for SSRI antidepressant-like behavioural responsiveness in the forced swim test [131] , respectively [134] . We found that Tph2 variant indeed determined 5-HT synthesis, as assessed by in vivo 5-HTP accumulation under amino acid decarboxylase inhibition. Surprisingly, however, 5-HT brain tissue levels were generally not affected by whether C57Bl/6 and Balb/ Cj mice harboured one or the other Tph2 variant. The reasons for this remain obscure at this point. Formation and degradation of 5-HT is a dynamic process and preserved 5-HT levels in the face of reduced synthesis could be due to decreased catabolism by MAO. However, investigations of MAO (A and B) mRNA expression and enzymatic activity did not detect any compensatory changes. Further, whether mice carried Tph2 Pro 447 or Arg 447 had no effect on baseline immobility in the tail-suspension test and did not affect the antidepressant-like (reduced immobility) response to escitalopram in either mouse strain. A previous study, describing C57Bl/6 mice carrying either Tph2 Pro 447 or Arg 447 , also found no effect of Tph2 variant on 5-HT brain tissue levels or anxiety and depression-like behaviours [135] . In apparent contradiction to our results, this previous study found no difference in 5-HT synthesis rate. However, methodological differences could likely play into these discrepant results. In contrast to our study, the assessment of 5-HT synthesis rate was performed using an in vitro approach in which brain tissue was homogenized, and then 5-HT synthesis assayed by addition of exogenous tryptophan, amino acid decarboxylase inhibitor and cofactors. It is not clear whether such an approach mimics the biochemical conditions under which Tph2 catalyses 5-HTP formation in vivo. In any case, it is important here to note that neither the previous, nor our, study assessed the levels of 5-HT Ext , the functionally receptor-active pool of 5-HT. While tissue levels of monoamines under specific conditions (see for instance later text) can reflect functionality, in many cases they do not, sometimes to a surprising degree. For instance, both serotonin transporter (SERT) 2/2 and overexpressing knockin (KI) mice have decreased tissue levels of 5-HT, but, as expected, increased [136] and decreased [38] 5-HT Ext , respectively. Therefore, although tissue 5-HT and the assessed depression behaviours were not affected, any firm conclusion on the relative importance of the murine Tph2 Pro 447 and Arg 447 variants for 5-HT neurotransmission cannot be made.
MURINE 5-HT SYSTEM FUNCTIONAL DIFFERENCES NOT RELATED TO Tph2 OR 5-HT SYNTHESIS
Obviously, many other factors could contribute to decreased 5-HT levels and function. In a report coauthored by one of us, it was reported that the NMRI strain from a specific supplier of mice was completely insensitive to several different SSRIs in the tail-suspension test [137] . The NMRI mice had only approximately 50 per cent the tissue 5-HT and 5-HT Ext levels of C57Bl/6 mice, a strain that strongly responded to SSRIs. NMRI mice also displayed a relatively blunted increase in 5-HT Ext after acute SSRI treatment when compared with C57Bl/6 mice. However, unexpectedly, 5-HT synthesis (5-HTP accumulation) was equal (frontal cortex) or even higher (hippocampus) in the NMRI compared with the C57Bl/6 mice. Both strains carried the Tph2 Pro 447 variant. A salient finding in this study was that acutely co-administering a low dose of 5-HTP with the SSRI conferred sensitivity in the tail-suspension test in the NMRI mice and likewise augmented the SSRI-induced 5-HT Ext response to a level equivalent to the one observed in C57Bl/6 mice. Combined with the constraints inherent in strain comparison studies, these data indicate that low 5-HT levels can occur, irrespective of Tph2 activity and that low 5-HT levels can have functional consequences that can be reversed by enhancing 5-HT levels using exogenous 5-HTP. [138] . Characterization of this mouse model, henceforth referred to as the Tph2KI mouse, revealed that in vivo 5-HT synthesis (5-HTP accumulation) and 5-HT tissue levels were decreased by 60 -80%, depending on region. 5-HIAA levels were even more depleted, measuring less than 5 per cent of WT (figure 2). Tph2 and SERT gene expression and SERT protein levels were not affected in the Tph2KI mice. Behaviourally, the Tph2KI mice presented with an intriguing baseline phenotype (figure 1), namely apparent exaggerated emotional responses when challenged in paradigms relevant for depression, anxiety and aggression. Specifically, immobility in the tail-suspension test was increased, indicative of a depression-like phenotype. Latency to enter the lit area in the light -dark box, a paradigm assessing conflict anxiety/phobia was increased, indicating an anxiety-like phenotype. In the dyadic test, a paradigm assessing social interaction and aggression in a novel environment, the Tph2KI mice displayed significantly increased attack behaviour, indicating an aggressive phenotype. In a later study, we found that marble burying, a putative anxiety-like behaviour [139] , was increased in the Tph2KI mice [83] . We have also found that Tph2 mice lever-press less for sucrose rewards (figure 1c), although these mice do not differ from WT in sucrose drinking in a standard free-drinking two-bottle choice paradigm (J. Jacobsen 2011, unpublished data), indicating a defined anhedonic phenotype. Further studies are underway to address the essential question of whether 5-HT deficiency in the Tph2KI mice imparts increased vulnerability to chronic stressors, i.e. modelled in mice by chronic mild stress and social defeat. Although rodent depression models bear limited resemblance to depression in humans, the findings obtained thus far are highly intriguing. As outlined earlier, a collective body of clinical evidence indicates that depression, particularly when severe and/or coinciding with suicidality, appears to be associated with indices of low endogenous 5-HT function. Further, crossing Tph2KI mice to heterozygous glycogen synthase kinase 3b (GSK3b) knockout (KO) mice reversed the depression/anxiety/ aggression-like phenotype, suggesting that signalling pathways involving GSK3b could be centrally involved in mediating the effects of endogenous 5-HT deficiency [138] .
THE
In a subsequent series of experiments, we explored the consequences of endogenous 5-HT deficiency in the Tph2KI mice for 5-HT neurotransmission in more detail [83] . Using microdialysis, we showed that brain 5-HT Ext indeed was decreased in the Tph2KI mice by 60 -70% ( figure 2) . This is an important, and not necessarily obvious, finding because 5-HT homeostasis appears to be tightly regulated, for instance by presynaptic 5-HT 1A and 5-HT 1B autoreceptors as well as by neural networks involving post-synaptic 5-HT 2A Rs and 5-HT 2C Rs [128, 140 -144] . In fact, although we did not explore this complex and multi-faceted aspect comprehensively, we found little evidence of compensatory homeostatic alterations among 5-HT system elements in the face of 5-HT deficiency in the Tph2KI mice. 5-HT 1A R levels were unchanged in the dorsal raphe as well as the hippocampus and hypothalamus, indicating neither pre-nor post-synaptic compensatory upregulation of 5-HT 1A Rs. Likewise, 5-HT 1A R G-protein coupling, as assessed by agonist-induced GTPg 35 S binding, in the same regions was unaltered. There was also no change in MAO A and B mRNA levels or MAO catalytic activity. SERT levels as assessed by ligand binding were normal, confirming SERT level data from the initial report obtained by Western blotting [138] . This apparent lack of homeostatic presynaptic compensations to lifelong endogenous 5-HT deficiency in the TphKI mice is by itself a salient finding. It could signify that the mammalian organism is vulnerable to dysfunction in the brain 5-HT system because the organism does not seem to compensate for decreased availability of brain 5-HT below a certain threshold. (Recall, the moderate 5-HT synthesis deficit consequent to the hypofunctional murine Tph2 Arg 447 variant did appear to be compensated for, at least when assessed on the 5-HT tissue level [134, 135] .) This would possibly apply, irrespective of the root cause of 5-HT deficiency: whether by 10. THE Tph2 KNOCKIN MOUSE: A MODEL OF REDUCED, BUT NOT ABOLISHED, 5-HT NEUROTRANSMISSION An important distinction between the Tph2KI mice and other murine models of 5-HT disruption, e.g. Tph2 KO mice [102, 145] , 5-HT neuron-specific vesicular monoamine transporter 2 KO mice [146] , Pet-1 KO mice [147] and Lmx1b KO mice [148] , lies in the nature of the 5-HT deficiency. In the Tph2KI mouse, 5-HT neurotransmission is qualitatively and dynamically preserved, yet quantitatively reduced. Cell signalling elicited via the fifteen or so brain 5-HT receptors will still occur, albeit to a lesser degree. In contrast, in the other available models mentioned, 5-HT levels and neurotransmission are essentially abolished. Abolishment of function is of course biologically distinct from the reduction of function observed in the Tph2KI mice. This could perhaps account for the at times discrepant findings between different 5-HT deficiency models, e.g. a depressive-like phenotype in the Tph2KI mice versus an antidepressant-like phenotype in the 5-HT neuron-specific vesicular monoamine transporter 2 KO mice [146] and non-depressant phenotype in the Tph2 KO mice [102] . (For an excellent and comprehensive review of the neurochemical and behavioural phenotypes of the various murine 5-HT deficiency models, see [149] .) Moreover, complete abolishment of brain 5-HT levels or function is not known to occur in humans, while substantially reduced brain 5-HT levels does seem to be relatively frequent, as judged from biomarkers, and to be associated with depression-related traits in humans [43, 45, 46, 78, 80, 83, 150] . [83] ). This biomarker profile is remarkably similar to findings reported in depression/suicidality.
THE Tph2 KNOCKIN MICE RECAPITULATE CORE CLINICAL 5-HT-RELATED BIOMARKER FINDINGS IN DEPRESSION
In contrast to the unchanged 5-HT 1A R functionality in Tph2KI mice, when quantifying frontal 5-HT 2A Rs with ligand binding we found a significant increase, around 20 per cent, that was accompanied by increased 5-HT 2A R functionality as assessed by 5-HT 2A R agonist or 5-HTP SSRI-induced head-twitches, 5-HT 2A Rdependent behaviours. This selective increase in 5-HT 2A Rs consequent to 5-HT deficiency is intriguing because it parallels findings from presumably depressed suicidal individuals, both in terms of the region in question as well as the moderate magnitude of change [65] [66] [67] [68] [69] [70] . We also investigated whether three additional biochemical anomalies associated with depression and 5-HT function-discussed earlier-could be found in the Tph2KI mice. For two of these, decrements had long been assumed, but never actually shown, to reflect brain 5-HT deficiency, namely CSF 5-HIAA-and fenfluramine-induced plasma prolactin. We found that CSF 5-HIAA was reduced by approximately 90 per cent in Tph2KI compared with WT mice. This demonstrates that endogenous 5-HT deficiency indeed can manifest as low CSF 5-HIAA. Notably, the decrement in CSF 5-HIAA levels in the Tph2KI mice was within the range of decrement encountered in clinical populations, for instance in suicidal patients [46] . In the Tph2KI mice, the plasma prolactin response to fenfluramine was essentially abolished, while in WT mice a robust plasma prolactin surge was observed. Again, similar essentially abolished fenfluramine prolactin responses have been reported in depressed inpatients [150] . Another study also reported completely abolished plasma prolactin responses to the SSRI citalopram in currently depressed and recovered depression outpatients [55] . SSRIs produce a less pronounced acute 5-HT Ext surge when compared with fenfluramine; SSRIs could therefore conceivably reveal less-marked brain 5-HT deficits. (SSRIs produced a minimal plasma prolactin response in both WT and Tph2KI mice, hindering assessment of SSRI-induced prolactin responses as a brain 5-HT probe in our model system; J. Jacobsen 2011, unpublished data). A fourth 5-HT system anomaly that has been reported in depression is blunted 5-HT 1A R-agonist-induced hypothermia [78] [79] [80] . As mentioned earlier, this has been ascribed to 5-HT 1A R dysfunction rather than any changes in 5-HT levels. When challenged with the 5-HT 1A R agonist 8-hydroxy-2-(di-n-propylamino)-tetralin (8-OH-DPAT), WT mice exhibited a 38C decrease in body temperature. In the Tph2KI mice, the temperature drop was markedly attenuated, to 18C. Yet again, qualitatively, these findings closely parallel clinical findings in depressed inpatients [79] , although the 5-HT 1A R agonist hypothermic responses in humans are of a generally smaller magnitude. The finding that 5-HT 1A R-agonist-induced hypothermia is blunted but 5-HT 1A R function seemingly unimpaired in Tph2KI mice, in conjunction with previous reports that pharmacological or toxin-induced depletion of brain 5-HT attenuates 8-OH-DPAT hypothermia [151, 152] , suggest that 5-HT 1A R-agonist-induced hypothermia could be a novel biomarker of low endogenous brain 5-HT Ext . We are currently pursuing this angle pre-clinically in the laboratory. One caveat stems from apparent species differences within the mechanisms underlying 5-HT 1A R-agonist-induced hypothermia, involving pre-synaptic 5-HT 1A receptors in the mouse, but apparently post-synaptic 5-HT 1A receptors in the rat [152] . Still, if the mouse data translate to humans, the implication is that the observed blunted hypothermic responses in depression patients could be a consequence of 5-HT deficiency rather than dysfunction in pre-synaptic 5-HT 1A receptors. Conceivably, 5-HT 1A agonist-induced hypothermia could be used as a clinical research (if not general practice) tool, perhaps together with other non-invasive 5-HT biomarkers, such as fenfluramine-induced plasma prolactin, to identify patients more likely to have low 5-HT, which, in turn, could influence treatment response to specific classes of existing and novel antidepressants.
CONCLUSIONS AND PERSPECTIVES
Because depression symptomatology can occur subsequent to diverse disorders, e.g. endocrine, immunological, neurological [14] [15] [16] [17] [18] , it is tempting to speculate that depression can be a sequelae of cell biological distortions in general and not only from deficits in discrete systems, perhaps particularly when additional physiological and/or social vulnerability factors are present. Thus, while it seems rather unlikely that 5-HT deficiency or dysfunction is the cause of major depression, the clinical evidence in toto points to the presence of 5-HT deficiency in at least some depressed individuals, perhaps most convincingly when suicidality or aggression is present. 5-HT deficiency could conceivably arise from multiple different defects in one or more of the various components of the 5-HT system. The multiple distinct mutations in TPH2 may be a representation of such a notion.
The Tph2KI mice display marked functional 5-HT deficiency, seemingly without pre-synaptic compensation, although post-synaptic 5-HT receptor function may be enhanced for specific 5-HT receptors, e.g. 5-HT 2A R. While the mice appear, breed and grow normal, they show a startling range of behavioural, biochemical and physiological anomalies, which parallel findings in depression patients. Notwithstanding the requisite reservations for the validity of animal models of such a uniquely human condition as depression, these characteristics of the Tph2KI mice offer support to the notion of 5-HT deficiency as one, although hardly the only, important disposing factor in depression.
Further studies are in progress in our laboratory to address the question of whether 5-HT deficiency is a vulnerability factor to depression-like behaviours. Specifically, we are investigating whether the Tph2 mice are more susceptible to chronic social and environmental stressors. We are also exploring the consequences of 5-HT deficiency in the Tph2KI mouse on neurogenesis, an important line of studies given the hypothesized framework connecting low 5-HT, decreased neurotrophic stimulation, hippocampal dysfunction and depression [153] . We are further investigating whether behavioural aberrations in the Tph2KI mice can be Review. Depression and 5-HT deficiency J. P. R. Jacobsen et al. 2453 reversed by reinstating 5-HT Ext in the adult mouse, thereby seeking to define whether these aberrations are state, owing to 5-HT deficiency per se, or trait, a consequence of developmental alterations.
Importantly, conformation that the predicted anomalies in putative 5-HT biomarkers indeed occur in the Tph2KI mice, where 5-HT deficiency in contrast to the human can be unequivocally established, lends credence to the large body of clinical literature relying on these 5-HT biomarkers. Previously, that blunted fenfluramine-induced plasma prolactin response and decreased CSF 5-HIAA indeed would result from low brain 5-HT Ext had not been established in any model. Further, that two of the most commonly reported 5-HT-systemrelated biochemical anomalies-increased frontal cortex 5-HT 2A R and blunted 5-HT 1A R-agonist-induced hypothermia-indeed occur consequent to congenital 5-HT deficiency was not necessarily predictable and had likewise not been demonstrated before. The similarities between depression in humans and the phenotype of the Tph2KI mice are summarized in table 2.
In conclusion, the Tph2KI mouse model of naturalistic 5-HT deficiency has already yielded important contributions to the fields of 5-HT and depression. Future studies will be able to address core questions regarding 5-HT, stress and depression biology in a pre-clinical setting with fidelity hitherto not possible. The generation of additional naturalistic models of 5-HT deficiency and of other neurotransmitter systems where reduced function is believed to have important neuropsychopathophysiological consequences is a worthwhile approach in an attempt to further our understanding of the underpinnings of brain disorders. 
